Existing models are not able to produce the large variation in earth resistance, specifically due to the non-uniformity of soil resistivity and probably due to the contact resistance between electrode and surrounding soil. The outcome of this study will immensely be helpful in designing earthing systems for a given installation even at pre-construction stage.
INTRODUCTION
Designing of an earthing electrode system to meet required low frequency earth resistance is one of the biggest challenges that an electrical engineer encounters. Based on various electrical engineering standards the limiting earth resistance that should be achieved for a given installation differs. This limiting value may vary from 10 0 for most of the lightning protection to as low as 1 0 for substations and large scale switch ya rds, while for telecommunication systems a middle value; 50 or 30; is recommended [1] [2] [3] [4] [5] .
Most often engineers use their long term experience or trial-and-error techniques to determine the suitable electrode system. However, such methodology sometimes leads to high cost and practical complexities as either the system is under designed, needing more electrodes or over-designed wasting material and labour. Grounding system designs that deviate very much from practically achievable ground resistance [6] . Under such circumstances it is highly necessary to have accurate set of models to determine the electrode configuration, once the soil resistivity profile and required limiting earth resistance is given. It is also required to find the optimum solution for a given system (power, signal, lightning protection etc) that will have minimum material cost without compromising the safety. Such requirement arises as the same limiting earth resistance can be achieved for a given installation by different electrode arrangements. The models developed need verification of their predictability in a real situation and investigation on various other factors (presence of vegetation, built-in environment, contact resistance, seasonal variation etc.).
In this study we investigate many of the above issues with a view of developing a set of models to pre-determine the required earth electrode design for a given installation. 978-1-4673-1897-6/12/$31.00 ©20121EEE
The soil resistivity profile of the selected site has been measured by a 4-pole ground resistivity meter (MEGER DETS/4R). Measurements were repeated for better accuracy.
Earth resistance measurements of the electrodes were taken by a digital earth resistance meter KYORITSU MODEL41OSA, which works on fall of potential techniques. Each measurement was repeated in perpendicular directions and the average value has been taken for analysis. To determine the effect of electrode-soil contact resistance, for selected number of electrodes the measurements were repeated on daily basis for a period of three weeks.
In this paper we present only the results obtained with single deep driven rods installed at various locations. The theoretical equation developed in the literature [7] for the estimation of grounding resistance of such electrodes is
Where: In order to find a relationship between soil resistivity and its neighbourhood we analyzed !J.p with respect the following four cases (Table I ). The closeness was considered as equal or less than 5 meters. This is only an arbitrary selection. Note that some locations belong to more than one case. Earth electrode A1-AS 
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Earth electrode E1-E2
I!i cases where Ps is considered for calculations there were 11 cases where t-.R is less than 20% and only two cases t-.R where is greater than or equal to 50%. The same two parameters for cases Pa is considered for calculation are seven and six respectively. This shows that using the soil resistivity at the location close to the electrode gives marginally better estimation when the earth resistance of the electrodes are calculated using the empirical formula. However, a larger sample is required to make solid conclusion in this regard as well.
There are no apparent relationships to the values of t-.R and the location, in either cases of using Pa or Ps in calculating Re.
However, it is of interest to investigate how these observation will change (or remain the same) as the depth of the electrode mcreases.
It should be noted that the above observations may also be affected by soil compactness which in turn determines the contact resistance between the earth electrode and the surrounding soil. Loosely bound soil may give poor contact, increasing the overall earth resistance of the electrode.
IV.

CONCLUSIONS
One of the basic drawbacks of empirical formulae developed in the literature in calculating the earth resistance of grounding systems is the non-specification of what soil resistivity to be used as the input parameter. In a given site the soil resistivity varies with depth as well as location. Hence the even at a given depth the average soil resistivity at a site and soil resistivity in the proximity of any specific location may have a difference over 50%.
Our investigations show that the soil resistivity at a given location has some dependence to the environmental factors.
Soil resistivity within about 5 m from water masses and buiIt up area may have higher soil resistivity than the respective average values of the site. In contrast, close to vegetation the local soil resistivity tends to be less than the average resistivity of the site. Somewhat similar observations have been made earlier as well [8] .
No matter whether Pa or Ps, has been used, the calculated earth resistance of an electrode by the empirical equations may have large deviation from the corresponding measured value.
However, marginally more accurate results can be obtained by using Ps instead of Pa.
Apparently there is no correlation between the percentage difference between the measured and calculated earth resistance, Ll, and the location of the electrode, irrespective of of using Pa or Ps in calculating Re.
The above observations should be further investigated with larger sample size. The readings should also be repeated after about one year to investigate the effects of soil compactness which may affect the contact resistance of the electrode and the surrounding soil. However, with information available so far, it can firmly be confirmed that there are many flaws in the empirical formulae, in their present state, in calculating accurate estimation of earth resistance of a given electrode.
